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Subunit bThe interaction of the membrane traversing stator subunits a and b of the rotary ATP synthase was
probed by substitution of a single Cys into each subunit with subsequent Cu2+ catalyzed cross-link-
ing. Extensive interaction between the transmembrane (TM) region of one b subunit and TM2 of
subunit a was indicated by cross-linking with 6 Cys pairs introduced into these regions. Additional
disulﬁde cross-linking was observed between the N-terminus of subunit b and the periplasmic loop
connecting TM4 and TM5 of subunit a. Finally, benzophenone-4-maleimide derivatized Cys in the 2–
3 periplasmic loop of subunit a were shown to cross-link with the periplasmic N-terminal region of
subunit b. These experiments help to deﬁne the juxtaposition of subunits b and a in the ATP
synthase.
 2013 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction c and e make multiple contacts with a and b subunits as the rotorThe ATP synthase is a rotary enzyme embedded in the mem-
branes of mitochondria, chloroplasts and many bacteria. It couples
the ﬂow of hydrogen ions across the membrane (or sodium ions in
some species) to the synthesis of ATP (for reviews see [1–4]). The
enzyme from Escherichia coli, with its eight different subunits a3b3-
cdeab2c10, [5,6] is considered a prototype of the mammalian en-
zyme. The 3 nucleotide-binding catalytic sites are formed by the
stator subunits a and b, which are connected to the membrane
through the peripheral stalk subunits d and b. The b subunits are
each anchored to the membrane through a single transmembrane
(TM) helix, and further interact with subunit a, another stator sub-
unit. The third membrane subunit, called c, forms an n-fold sym-
metrical ring, where n appears to be 10 in E. coli [6]. The c-ring
forms a dynamic interface with subunit a, and makes ﬁxed con-
tacts with the other rotor subunits c and e. The c subunit forms
a central shaft within the hexamer of a and b subunits, and bothgoes through 360 of rotation relative to the stator [7].
The complex of a, b, and c subunits is traditionally referred to as
Fo, while the remaining subunits form F1. Subunit c is folded as a
helical hairpin with a single proton carrier, D61, which is located
near the center of the membrane [8]. Proton translocation is facil-
itated by subunit a, which appears to form 2 offset half-channels
that provide pathways for hydrogen ions to access the key aspar-
tate residue of subunit c (D61) from different sides of the mem-
brane [9,10]. The proton pathway is expected to include travel
through one half-channel, protonation of c_D61, rotation through
nearly 360, and exit through the other half-channel.
The structures of c-rings are known for enzymes from several dif-
ferent species through X-ray crystallography [11–17], but such
information is not available for subunit a. Analysis of monocysteine
mutants by chemical labeling studies revealed that subunit a con-
tains 5 TM helices, with the N-terminus in the periplasm and the
C-terminus in the cytoplasm [18–20]. The fold of the TM helices
has been proposed, based on disulﬁde bond formation of di-substi-
tuted cysteine mutants [21]. Evidence for the existence of the half-
channels has been provided by a series of accessibility studies using
various sulfhydryl labels [22–27]. Disulﬁde cross-linking studies
have found TM4 and TM5 to be near the c-ring [28,29], and the cyto-
plasmic loop connecting TM3 and TM4 can be cross-linked to c sub-
unitsusingabi-functional cross-linker [30]. Similarly, fromaresidue
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cross-linking to subunit b was observed using a bi-functional
cross-linker [31]. Cross-linked a–b products were also found using
a bi-functional cross-linker, benzophenone-4-maleimide (BPM),
with b_R36C [32], and but no information from disulﬁde cross-link-
ing between a and b subunits has been reported.
The structure of the ﬁrst 34 amino acids of subunit b has been
solved by NMR in a membrane mimetic organic solvent (chloro-
form/methanol/water 4:4:1) using a synthetic peptide [33]. Resi-
dues 4–22 were found to form an a-helix. Combined with results
from disulﬁde formation of monocysteine mutants, a model of
the subunit b dimer was produced. Cysteines at positions 6 and
10 formed disulﬁdes at the highest yield [33]. Results of a previous
study had suggested that one face of TM2 in subunit a was con-
served and could interact with b subunits [34]. Therefore, a sys-
tematic analysis of this possible interaction was carried out using
monocysteine mutations in both subunits. In addition, the proxim-
ity of the N-terminal residue 2 of subunit b to periplasmic regions
of subunit a and c was tested by cross-linking.
2. Materials and methods
2.1. Materials
Materials were obtained as described in previous work
[28,29,35,36].
2.2. Plasmids, mutagenesis, and growth
To produce mutations in the genes for both subunits a and c, a
new plasmid, pNac, was constructed. The plasmid pFV2-HA [36]
was reduced by digesting with PpuMI and XbaI, isolating the
3.7 kb fragment, and ligating with a 15 bp linker (CTCAA-
GACTGGTGGT and appropriate overhangs) that regenerated the
two sites. This plasmid has resistance to ampicillin, and contains
the complete genes for subunits a and c, and also codes for the ﬁrst
53 residues of subunit b, up to the PpuMI site. Individual mutations
in the genes for subunits a or bwere constructedusingQuikchange II
mutagenesis (Agilent Technologies), and transferred to pFV2-HA
[36] using the 1.3 kb fragment from the digestion at the PﬂMI site
in the gene for subunit a and PpuMI in the gene for subunit b. Double
mutants were constructed by using the BspEI site in the HA-tag re-
gion at the 50-end of the gene for subunit a and the MluI site in the
gene for gamma. The subunit b mutations were carried on the
3.2 kb fragment, and the subunit a mutations were on the 6.0 kb
fragment. The pFV2-HA plasmids were expressed in E. coli strain
DK8 [37],which lacks thegenes for theATPsynthase. Succinatemed-
ium for the analysis of the mutations in pFV2-HA was made from
Minimal A, supplementedwith 0.2% succinate, and 0.2 mM L-valine,
L-leucine, and L-isoleucine, as described previously [35].
The monocysteine mutants in subunit a from residue 128–146
were previously constructed in pLN6HisHA [38]. The double cys-
teine mutant a_I129C/a_D146C was made by double digestion of
the two plasmids using EcoRI and DraIII. The 2.1 kb fragment with
the I129Cmutation, and the 1.2 kb fragment with the D146Cmuta-
tion were ligated. These mutations were all expressed in RH305
[39,40], a strain that lacks subunit a. Succinate medium for the
analysis of these mutations was the same as above, but lacking
the 3 amino acids.
2.3. Membrane preparation, cross-linking, and immunoblotting
For disulﬁde cross-linking of b mutants (residues 4–26) cells
were grown to A600 = 1 in LB medium, harvested, and resuspended
in TMG buffer (50 mM Tris–HCl, 5 mMMgCl2, 10% glycerol, pH 7.5)according to [28]. Cross-linking reactions were carried out as de-
scribed [28], except that, when indicated, CuCl2 was used instead
of Cu(1,10 phenanthroline)2 SO4. For cross-linking of subunit a to
subunit b with benzophenone-4-maleimide (BPM), whole intact
cells of the strain RH305 were used. The pellet obtained from cells
grown in a 50 ml LB ﬂask was resuspended in 1 ml of TMG buffer
and placed into 1.5 ml polypropylene microcentrifuge tubes trans-
parent to UV light. 1 mM of BPM (from a 50 mM stock solution in
ethanol) cross-linker was added to cells followed by incubation in
darkness on a rotating platform for 1 h at room temperature. After
that the cross-linker was quenched by 15 mM cysteine, and cells
were exposed to UV light (3 cm distance) for two hours. For extrac-
tion of subunit a, cells were spun down (1 min at 20000g (14000
rpm) in a microcentrifuge and resuspended in 1 ml of extraction
buffer. (50 mM Tris–HCl, pH 8.0, 250 mM sucrose, 100 mM KCl,
30 mM imidazole, 1.5% octylglucoside, 0.5% sodium deoxycholate,
0.5% sodium cholate, 0.5% sodium dodecyl sulfate, 2.5% glycerol.)
Extraction was carried out on a rotating platform for 90 min at
4 C. After that samples were centrifuged as above and supernatant
was placed into 1 ml tubes containing 150 ll of Ni-NTA resin,
equilibrated with the same extraction buffer. After incubation on
a rotating platform for 45 min at room temperature the resin
was spun down and the supernatant was discarded. 1 ml of fresh
extraction buffer was added into the tube and resin was washed
for 5–10 min on a rotating platform. This step was repeated 3
times. For elution 200 ll of elution buffer (the same extraction buf-
fer with 180 mM imidazole) was added to the resin for 5 min. The
supernatant containing isolated subunit awas collected and stored
for further use.
Procedures for electrophoresis and immunoblotting of disulﬁde
cross-linked bmutants (4–26) and BPM cross-linked products were
previously described [36,38]. The b_NC2 mutants were analyzed
according to previously published procedures [28,29].
3. Results
Interactions between the TM region of subunit b and TM2 of
subunit a were probed by the introduction of a cysteine substitu-
tion into each subunit and subsequent cross-linking trials with
the double mutant membranes. A summary of the results for the
combinations tested is shown in Table 1. All of the single and dou-
ble mutants described in this study were found to grow on mini-
mal medium supplemented with succinate as sole carbon source,
indicative of a functional ATP synthase. Membrane vesicles were
prepared from cell cultures expressing the double mutants, and
treated with Cu2+ ions to catalyze disulﬁde formation. Western
blots were probed with antibodies both to subunit b and to the
HA peptide, which is carried at the C-terminus of subunit a. Single
mutations in the b subunit were also tested, since b–b dimers had
previously been shown to form following cysteine substitutions at
particular positions in the TM region. Among the 38 double mu-
tants tested, only eight resulted in a cross-linked a–b product.
Western blots demonstrating the cross-linked products for
b_N4C/a_L121C, b_N4C/a_P122C, b_F14C/a_W111C, b_V15C/
a_W111C, b_V18C/a_T107C, and b_M22C/a_L104C, are shown in
Figs. 1–3. In addition, b_W26C/a_L100C, and b_W26C/a_I101C
formed a–b cross-links (results not shown).
Disulﬁde cross-links were also demonstrated between b_N2C at
the N-terminus of subunit b and substitutions a_G227C and
a_L228C in the 4–5 periplasmic loop of subunit a connecting TM
helices 4 and 5 (Fig. 4). In addition, the a_G227C and a_L228C
sulfhydryls were shown to be close enough to the periphery of
the c-ring to form disulﬁde cross-links with c_V78C (Fig. 5). The
formation of the a–b cross-links did not signiﬁcantly reduce the
ATP-driven quinacrine quenching response of treated membranes
Table 1
Yield of cross-linked a–b product from double mutants.
a Subunit monocysteine mutations b Subunit monocysteine mutations
N4C F14C V15C L16C F17C V18C L19C F20C A21Ca M22C W26C
P122C ++
L121C +
W111C + +  
V110C     
F109C     
I108C     
T107C  ++   
L106C   
A105C   
L104C    ++
I101C +
L100C +
() Little or no a–b product detected.
(+) Less than 50% yield (subunit a).
(++) Greater than 50% yield (subunit a).
a Residue 21 is natively cysteine, but all cysteines in pFV2-HA have been changed to alanine, so it is a unique cysteine here.
Fig. 1. Disulﬁde cross-linking of b_N4C to a_L121C and a_P122C. Membrane
vesicles were prepared from cells expressing the single bmutation N4C, and double
mutants in combination with a_P122C and a_L121C. Each sample was treated with
(+) or without () CuCl2 to promote disulﬁde formation. In Panel A theWestern blot
was probed with the anti-HA antibody to detect subunit a. In panel B the blot was
probed with anti-b antibody.
Fig. 2. Disulﬁde cross-linking of b_F14C and b_V15C to a_W111C. Membrane
vesicles were prepared from cells expressing the single bmutations F14C and V15C,
and in combination with a_W111C. Each sample was treated with (+) or without
() CuCl2 to promote disulﬁde formation. In Panel A the Western blot was probed
with the anti-HA antibody to detect subunit a. In panel B the blot was probed with
anti-b antibody.
Fig. 3. Disulﬁde cross-linking of b_V18C to a_T107C, and b_M22C to a_L104C.
Membrane vesicles were prepared from cells expressing the single bmutation V18C
and the double mutants b_V18C/a_T107C and b_M22C/a_L104C. Each sample was
treated with (+) or without () CuCl2 to promote disulﬁde formation. In Panel A the
Western blot was probed with the anti-HA antibody to detect subunit a. In panel B
the blot was probed with anti-b antibody.
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tional structure, whereas the formation of the b _N2C-c_V78Ccross-link does abolish ATPase coupled quinacrine quenching
[41], as would be predicted by the rotary model for ATP synthesis
[1–4].
Using a different approach, the proximity of subunit b to the
2–3 periplasmic loop in subunit a, connecting TM helices 2 and
3, was tested using a photoactivatable-cross-linker benzophe-
none-4-maleimide (BPM). Mono-cysteine mutations in subunit
a had been constructed previously at positions 127–135, 137–
138, and 141–146. Since these residues appear to reside in the
periplasm or the periplasmic side of TM3 [25], cross-linking
was carried with whole cells, which had been partially perme-
abilized with polymyxin B nonapeptide [20], and subsequent
treatment with BPM and then UV radiation. In initial studies,
residues 127–134 and residues 142–146 all showed various lev-
els of a–b cross-linking (results not shown). The results for
a_I129C, a_V142C, a_S144C, and a_D146C are shown in Fig. 6A.
Two of the residues that showed efﬁcient cross-linking were se-
lected, 129 and 146, and the 129/146 double mutant was con-
structed. The results of photoactivated cross-linking of subunit
a and b using a_I129C/D146C are shown in Fig. 6B. The results
indicate that subunit a can be simultaneously cross-linked from
this region to both of the b subunits.
Fig. 4. Disulﬁde cross-linking of b_N2C to a_G227C and to a_L228C. Membrane vesicles were prepared from cells expressing the single b mutation N2C and the double
mutants b_N2C/a_G227C and b_N2C/a_L228C. Each sample was treated with (+) or without () Cu(1,10 phenanthroline)2 SO4 to promote disulﬁde bond formation as
described [28]. The Western blots in the left and right panels were probed with antibody to subunit b and subunit a respectively.
Fig. 5. Screening for a–c dimer formation between c_V78C and cysteine in the 4–5
loop of subunit a. Membrane vesicles were prepared from cells expressing c_V78C
and seven Cys substitutions in the 4–5 loop of subunit a. Each sample was treated
with Cu(1,10 phenanthroline)2 SO4 to promote disulﬁde bond formation as detected
by Western blots probed with antibody to subunit a [28]. Dimer formation between
subunits a and c was only observed with the c_V78C/a_G227C and c_V78C/a_L228C
double mutant pairs.
Fig. 6. Cross-linking of subunit a to subunit b through benzophenone-4-maleimide.
In panel A four different mutants were reacted with BPM, and then incubated in the
presence (+) or absence () of UV radiation. The Western blots were probed with
anti-HA antibody to show the presence of the a–b cross-linked product. Control
blots, shown just below, demonstrate a consistent level of subunit a in the
membranes initially. In panel B, cross-linking of the single mutant a_D146C and the
double mutant a_D146C/a_Y128C are shown using BPM following UV radiation. The
blot is probed with anti-b antibody. It shows an a–b product in the single mutant,
and both a–b and a–b–b products in the double mutant.
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In this report the structural proximity of the TM helices of sub-
unit b and TM2 of subunit a, and the 2–3 and 4–5 connecting loops,
between TM2 and TM3 and TM4 and TM5, have been deﬁned by
cross-linking reactions. A view of the TM helices of the subunit
b-dimer, as proposed in an NMR based structural model of the
TM peptide region [33], is shown in Fig. 7A. Residues 6 and 10,
which were shown to promote the strongest disulﬁde bond and
homodimer formation after substitution by cysteine, are colored
yellow [33]. The residues in the TM helix region of subunit b that
form disulﬁdes with matched residues in subunit a, are colored
red. This pattern indicates that the cross-linkable residues of
TM2 of subunit a are likely to be interacting with only one of the
two b subunits, as is discussed further below.
On inspection of the cross-sectional view of the b-dimer model
(Fig. 7B), it is clear that the cross-linkable face of two b TM helices
could not simultaneously interact with the a TM2 cross-linkableregion. Given the b–b dimer formation with Cys at positions 6
and 10, this conclusion is true regardless of whether the proposed
helix–helix interactions in the NMR model are correct or not. The
cross-sectional view also makes it clear that the b_N2C cross-link
to the residue 227 and 228 Cys in the 4–5 loop of subunit a likely
Fig. 7. Model of the b dimer and its placement relative to subunit a. (A) One b subunit is colored white, and the other is colored light blue. The structure shown is that
predicted by solution NMR of the peptide shown [33]. Residues 6 and 10 when changed to cysteine were shown to form disulﬁde-linked dimers in the membrane, and are
colored yellow. Cys substitutions that form disulﬁdes with Cys introduced into subunit a, as demonstrated here, are colored red. (B) A cross-sectional map of TM helices of
subunits a, b, and c as viewed from the cytoplasmic side of the membrane. The orientation of TM helices for subunit a is based upon an internal disulﬁde cross-linking study
[21]. No information is available about the relative location of aTM1. The b subunit dimer is placed according to the results presented here. The disulﬁde cross-links generated
in this study are shown by solid black lines. Thin dotted lines between the b subunits represent disulﬁde cross-links between them [33]. Thick dotted lines between TM
helices of subunit a represent periplasmic loops between TM2–3 and TM4–5. The C-terminal helices (C2) of only three subunits from the c10 ring are shown.
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The b subunit neighboring aTM5 is also likely to be the one gener-
ating the b_N2C/c_V78C cross-link reported previously by Jones
et al. [41]. In addition, Jones et al. [41] reported cross-linking of
Cys at positions 74, 75 and 78 in subunit c with Cys at positions
a227 and a228 in the 4–5 loop, which is consistent with the model
shown in Fig. 7B.
Cross-linking of b_N4C to a_P122C suggests that only about four
residues at the N-terminus of the b subunits are exposed in the
periplasm, since a_P122C, but not a_L120C, was shown previously
to be accessible to a periplasmic maleimide label [38]. Cysteine
substitutions within this four residue span appear to cross-link in
several distinct ways. In addition to the cross-link of b_N2C to res-
idues in the TM4–TM5 loop and the C-terminus of subunit c, and
the cross-link of b_N4C with the aTM2 peripheral interface as de-
scribed in the preceding paragraph (Fig. 7A and B), the N-termini
of both b subunits appear to be near the TM2–TM3 periplasmic
loop of subunit a. This proximity is indicated by the positive BPM
catalyzed cross-linking with subunit b from multiple sites within
the 2–3 loop of subunit a, and the simultaneous cross-linking from
a_I129C and a_D146C to both b subunits. Given the shortness of
the exposed N-terminal segment of subunit b, and the relatively
short length of the cross-linker (about 6 Å), it seems likely that
the periplasmic end of aTM3 is angled toward the N-termini of
the b subunits to give the aTM2–5 four-helix bundle a funnel like
appearance. A structural answer such as that suggested above
seems necessary since the packed diameter of each TM helix
shown in Fig. 7B should be in the range of 10 Å, which would make
cross-linking between subunit b and residue 146 in aTM3 impossi-
ble if all of the alpha-helices were of equal length and packed in
parallel.
The relative positions of the a, b, c and e subunits have been ad-
dressed in two studies using FRET (Förster resonance energy trans-
fer) distance measurements [42,43]. The a and b subunits were
both located relative to ﬂuorophores at position 56 of e and posi-
tion 106 of c. Subunit a was tagged genetically with green ﬂuores-
cent protein at its C-terminus [43], while both b subunits were
tagged at position 64 by a single ﬂuorophore Cy5bis-C5-maleimide
[42]. The results presented here are consistent with these earlier
studies, if one considers the location of the C-terminus of subunit
a (TM5) relative to the b subunit dimer interface. In a recent studyof the Ilyobacter tartaricus Fo sector using cryoelectron microscopy
at 7 Å resolution [17], two helices were located in projection at
positions very similar to the that of the two b subunits in Fig. 7B.
In summary, the cross-linking results presented here position
one b subunit in proximity to much of the peripheral surface of
the membrane spanning region of TM2 of subunit a, whereas the
second subunit b is likely to be closer to TM5 and the surface of
the c-ring. The N-termini of the b subunits are packed in such a
way that contact can be made by one of the two b subunits with
periplasmic extensions of aTM2, aTM3 and aTM5.
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